Mutations affecting phosphoglucoisomerase (EC 5.3.1.9) have been described in enteric bacteria (12, 13, 15) . Loss of this enzyme seems to have marginal effects on the physiological behavior of such mutants, the most notable one being a reduction in growth rate on glucose. While studying the induction of glycolytic enzymes in yeasts, we came across a mutant of Saccharomyces cerevisiae lacking phosphoglucoisomerase. This was characterized by its inability to form colonies not only on glucose-mineral medium but on any medium with a permissible source of carbon to which glucose was incorporated. Inhibition of growth after accumulation of nonmetabolizable phosphate compounds is a well-documented phenomenon (1, 2, 6, 11, 16, 25) . Despite the generality of this effect, the metabolic basis for such growth inhibition has been traced to diverse causes (1, 11, 16) . Nor have we been able to offer a general explanation for such growth inhibition. However, a number of interesting facts has emerged in the course of these studies that throw some light on the control of glucose and fructose metabolism in yeasts. This paper reports some of those experiments.
MATERIALS AND METHODS
Microbiological. A wild-type haploid strain of S. cerevisiae was used in these experiments. It was grown in a yeast extract-peptone medium supplemented with extra carbon sources such as sugars or acetate. A saltvitamin medium was also used. These have been described elsewhere (18) .
The following procedure was employed in isolating the phosphoglucoisomeraseless mutant. An overnight culture of S. cerevisiae in salt-vitamin-glucose was resuspended in fresh medium lacking glucose; mutagenesis was initiated by adding to the suspension 0.1 mg of N-methyl-N'-nitro-N-nitrosoguanidine per ml and incubating for 20 min. The mutagen was washed off by centrifugation and the culture was allowed to grow overnight in a number of separate tubes containing salt-vitamin-fructose medium. Washed cells from each tube were plated in a number of petri dishes containing the salt-vitamin-fructose medium to yield nearly 100 colonies per plate. After 5 days the colonies were replicated (17) on salt-vitamin-fructose and salt-vitaminglucose media. Among nearly 8,500 colonies examined, approximately 0.4% did not grow on glucose plates. After purification by restreaking on the fructose medium, the glucose-negative clones were tested for phosphoglucoisomerase activity after growth in liquid yeast extract-peptone-fructose. One clone, labeled 9520, was found to contain less than 1% of phosphoglucoisomerase activity of the wild type and was selected for these studies.
The concentration of yeast in suspensions was determined by filtering a sample over membrane filters and washing with 2 ml of distilled water. Filters were weighed after the adherent water was removed.
Assay of enzynes and substrates. Most of these procedures have been described (18, 19) . Enzymes were assayed generally in toluene lysates; cell extracts pre-pared with a French pressure cell were also used in some experiments. Fluorometric methods were employed for assay of enzymes (9) . The reaction mixture for phosphoglucoisomerase assay contained 1 mm fructose-6-phosphate free of glucose-6-phosphate, 0.05 mm nicotinamide adenine dinucleotide phosphate (NADP+), and 0.3 unit of glucose-6-phosphate dehydrogenase. The enzyme activity of the mutant was always checked for reduced NADP (NADPH) oxidase activity. By using a concentration of 10 to 20 uM NADPH, no significant oxidase activity could be detected. Linearity of the assays was also established by mixing the mutant and wild-type extracts; the resultant rates were essentially additive in the range of concentrations used in these experiments. A unit of enzyme activity referred to 1 Mmole of substrate converted per min at 22 C.
Nucleotides and substrates were assayed fluorometrically by using a set up described earlier (18 These were counted in a gas-flow counter.
Chemicals. Sugars used in experiments on growth of the mutant were freed from contaminating glucose by treatment with glucose oxidase as described elsewhere (20) . Fructose (20) . Unless otherwise stated, we used the mutant 9520b in the experiments described here.
When the mutant 9520b was plated on either the salt-vitamin or yeast extract-peptone media containing glucose, on an average about 2 out of l07 cells gave rise to a colony. Examination of a number of these purified glucose revertants showed partial recovery of phosphoglucoisomerase activity in all of these to the extent of 10 to 30% of wild-type activity. When 9520b was reverted on glucose plates containing N-methyl-N'-nitro-N-nitrosoguanidine, as much as half of the wild-type phosphoglucoisomerase activity could be recovered. The growth rates of all the revertants on glucose were, however, slower than that of the wild type. The reversion frequency of 9520s on glucose was quite similar to that of 9520b.
To decide whether the mutant 9520b was a structural or a regulator gene mutant, we had examined the thermal stability of the residual phosphoglucoisomerase activity of the mutant 9520b. One of the spontaneous glucose revertants was also examined in this regard. Results indicated in Fig. I showed that the wild-type enzyme was fairly stable to heat, losing half of the initial activity in 19 min of exposure to 60 C. The activity from the mutant, however, was very sensitive to this tempeature as shown by its half-time (to.5) of 25 sec. The enzyme activity in the revertant was even more sensitive, to., being 10 Both the forward and the back mutations, therefore, seemed to have altered the polypeptide chain, enhancing thermosensitivity. The simplest interpretation of this observation is that the mutation 9520b has affected the structural gene of phosphoglucoisomerase.
Growth behavior of 9520b. Unlike in Escherichia coli (12) , the loss of phosphoglucoisomerase in yeast resulted in complete absence of growth on media containing glucose either as a sole source of carbon or as a supplement to otherwise permissible media. Addition of 2 mm glucose to a culture growing on yeast extract-peptone containing 50 mm fructose inhibited growth as long as glucose was present. Smaller amounts of glucose had the same effect except that the interval of inhibited growth was proportionately shorter. Glucose continued to be utilized during growth inhibition; complete disappearance of glucose from the medium led to resumption of growth. Such an experiment, illustrating the effect of adding 10 mm glucose to an exponentially growing culture of the mutant, is shown in Fig.  2 . The results show the kinetics of growth inhibition measured by turbidity as well as by viable counts. The parallelism of the curves B and C indicated that glucose did not decrease the viability of the culture. It, however, caused a gradual arrest of growth. The control culture, curve A, with fructose alone continued to grow exponentially. When glucose was removed after growth had completely stopped, the culture resumed exponential growth after a lag period of 2 hr. The onset of growth inhibition was found to be sharper when higher concentrations of glucose were used.
In subsequent experiments we attempted to determine the amount of glucose-6-phosphate accumulated in the cell during growth on a number of carbon sources. For this purpose, cells from exponentially growing cultures were concentrated by centrifuging and resuspending the cells in the same medium. The concentrated cell somerase. An overnight culture of 9520b in yeast extract-peptone-fructose (50 mM) was diluted in fresh medium. Glucose (10 mM) was added to one-half of the culture after one generation. Nearly 8 hr after the addition of glucose, the sugar was removed by centrifugation and washing with sterile glucose-free medium. The washed cells were resuspended in yeast extract-peptone-fructose and allowed to grow. Periodic samples were examined for growth by measuring the optical density at 650 nm (E,,50) and also viable counts on the fructose medium. Curves A and B represent the growth curves of the culture containing fructose alone and fructose plus glucose, respectively. In curve C the viable count of the culture B is plotted. Ordinates are in exponential scale. Glucose addition is indicated by the thin arrow and removal by the thicker arrow. 761 VOL. 107. 1971 suspension was incubated in a stream of oxygen containing 5% carbon dioxide for I hr to approximate the aerobic steady state of the dilute suspension of the growing culture. Separate experiments indicated that oxygenation in presence of 5% carbon dioxide did not alter the profile of glycolytic metabolites as obtained during aeration. Perchloric acid was added to a concentration of 0.7 N. Glucose-6-phosphate was determined in the neutralized supematants ( Table 1 ). The decreased rate of growth of the mutant in the acetate medium compared to the wild type might perhaps be traced to its decreased respiratory capacity. On fructose and mannose, however, the growth rates were comparable. An unexpected feature of these results was that the mutant was capable of growing on galactose and maltose both of which are metabolized through glucose-6-phosphate. However, the level of intracellular glucose-6-phosphate during growth on these two sugars was much less than when glucose was present in the growth medium. Glucose, when added to the culture growing in presence of any of the other sugars listed in Table 1 
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MAITRA tween the rise of the fluorescent signal and drop of nicotinamide adenine dinucleotide (NAD+) and NADP+ (not shown). The reduction of these nucleotides after sugar addition, as shown in Fig.  3 , was quite rapid in the wild type; fructose addition to the mutant also elicited comparable speed of reduction. The metabolism of glucose in the mutant, however, was slow, as suggested by the reduced velocity of increase in fluorescence (trace 2, Fig. 3 ). The steady-state oxidation also was lower compared to the traces 1, 3, and 4, reflecting presumably a decreased concentration of glycolytic metabolites which serve to accept electrons from these reduced n ucleotides. Results in Fig. 5 further illustrate the differences in the profile of the early glycolytic intermediates during glucose metabolism by the mutant and the wild type. So that the early kinetics of glucose utilization in the mutant was not limited by the low ATP level of these cells, we have preincubated the cell suspension aerobically for 10 min in presence of 20 mm ethanol. Separate experiments indicated that this pretreatment increased ATP level without affecting the levels of glycolytic intermediates measured in this experiment. In the wild-type parent the concentrations of glucose-l-phosphate and fructose-6-phosphate bore a fixed relationship to those of glucose-6-phosphate within limits of experimental error, whereas in the mutant this constant ratio was maintained only between glucose-l-phosphate and glucose-6-phosphate. Despite the marked rise in the level of glucose-6-phosphate, that of fructose-6-phosphate was nearly zero throughout the course of incubation. The metabolism of glucose in the mutant was further characterized by the feature that the overshoot in the concentration of glucose-6-phosphate, seen in the wild type, was absent. One other feature of these and related experiments was that the rate of glucose utilization in the mutant was constant in the face of a marked rise in the intracellular concentration of glucose-6-phosphate. Nevertheless, the rate of glucose utilization in the mutant was never more than a third of that of the wild-type S. cerevisiae. Results in Fig. 6 showing the accu- mulation of the aldolase metabolites in the mutant during glucose and fructose metabolism also suggested the decreased flow of glucose carbon along the glycolytic pathway. Surprisingly, no gluconate-6-phosphate could be detected in the acid extracts when the mutant accumulated glucose-6-phosphate; the estimated level was less than 5 nmoles per g.
When the release of carbon dioxide from specifically labeled glucose was examined, the mutant was found to contribute a much larger share of glucose carbon-l than glucose carbon-6 in the expired gas. These results are shown in Table 2 . This experiment indicated that, compared to the wild type, the loss of phosphoglucoisomerase in the mutant had caused the major bulk of glucose catabolism to be channeled through the oxidative pentose phosphate pathway. However, a substantial part of glucose-6-phosphate was conserved as shown by the accumulation of radioactivity in the cell during metabolism of glucose-l-14C. We have not followed the fate of the con-764 J. BACTERIOL. served glucose. When washed cells were incubated with glucose or fructose in phosphate buffer, no appreciable difference could be found between the effect of these two sugars on the content of glucose in cell hydrolysates.
Synthesis of macromolecules during growth inhibition by glucose. We have indicated elsewhere (20) that the mutant 9520b synthesized glycolytic enzymes at a faster rate in presence of small concentrations (2 to 5 mM) of glucose than in its absence, although growth continued to be inhibited. At higher concentrations, however, addition of glucose brought about net decay of basal synthesis. Figure 7 shows the results of such an experiment. The steady state rate of differential synthesis of phosphoglycerate kinase was not only inhibited by the addition of 50 mm glucose, but there ensued a drop of the total enzyme activity. The differential rate of this decay seemed to increase with time. It has not been determined whether the decrease of enzyme activity in the cells was due to its release into the medium. Not every glycolytic enzyme behaved in this manner. Hexokinase activity, for example, continued to increase after glucose addition at a rate slightly lower than the basal rate. Incubation of resting cultures in buffered-sugar solutions indicated that the rate of release of 260 nm-absorbing material into the medium was only marginally higher in the mutant in presence of glucose than in presence of fructose.
Results in Fig. 8 describe experiments that suggest a possible clue to the mechanism of growth inhibition by glucose. The synthesis of ribonucleic acid (RNA) during growth of the mutant was studied by following the incorporation of 14C_uracil into trichloroacetic acid-insoluble material (3). The results indicated that fructose stimulated RNA synthesis after a lag period, whereas glucose brought about an inhibition. Higher concentrations of glucose stopped RNA synthesis completely within 3 min. Separate experiments, not shown here, suggested that this inhibition was reversible. All other details were the same as in Fig. 5. glucose, incorporation of "4C-uracil into RNA resumed at the uninhibited rate.
DISCUSSION
The partial loss of respiratory activity in the mutant clone 9520b appeared to be due to a genetic lesion additional to the one causing phosphoglucoisomerase deficiency. This was suggested by the observation that in 9520s, a derivative of 9520b, respiratory activity was further reduced without much alteration of the phosphoglucoisomerase activity. The reversion of both these clones on glucose led to reappearance of only phosphoglucoisomerase, leaving respiratory activity unchanged. No revertant from 9520s could be isolated that grew on acetate. We believe the loss of respiration in 9520s was caused by genetic deletion of some cytoplasmic respiratory determinant (24) . Although we have not mapped the phosphoglucoisomerase mutation, the instability of the mutant and revertant enzymes to heat suggested a structural defect. Furthermore, the occurrence of a mutant lacking more than 99% of the wild-type activity in a single-step isolation procedure indicated a single gene specifying the structure of phosphoglucoisomerase. This was also consistent with the monophasic heat-inactivation kinetics of the wild-type enzyme.
Since the studies reported here have been carried out with a mutant continuously segregating into respiratory-deficient clones, the possibility remains that some of the biochemical properties of the mutant derive from its respiratory lesion. Two lines of evidence, however, suggest this to be unlikely. A partial loss of respiration has little effect on the metabolism of fructose in the mutant as shown by the similarity in its features of fructose metabolism with those of the wild type metabolizing either glucose or fructose ( Fig. 3  and 4) . The features of glucose metabolism in the mutant, however, are distinctly different. Secondly, the profiles of glycolytic intermediates and nucleotides during metabolism of either (Fig. 4) . Results in Table  I (8) . The maintenance of controlled levels of glucose-6-phosphate in the mutant during growth on maltose indicated to us operation of a feedback regulation of maltose transport. We had observed that the ability of a maltose-grown cell suspension of the mutant in buffer to oxidize maltose fell off very rapidly. This, together with the earlier observations on the preferential inactivation by glucose of maltose permease rather than of a-glucosidase activity in S. cerevisiae (14, 22) , suggested that glucose-6-phosphate might be the signal responsible for inactivation. (Fig. 2) . Since glucose inhibited growth of the mutant on fructose as well, inhibition of fructose-1, 6-diphosphatase reaction by glucose-6-phosphate (11) could not be the mechanism of growth inhibition; we have observed the presence of significant amounts of fructose-6-phosphate inside the cell under conditions indicated in Fig. 2 Table 2 indicated, mainly via the pentose-phosphate pathway. This restricted the rate of formation of glycolytic intermediates as also ATP synthesis from glucose. In the experiment shown in Fig. 6 , the rate of formation of alcohol in the mutant with glucose as the substrate was 1.0 umole per min per g (wet weight) of yeast, whereas with fructose this was nearly 10 times as much. In a wild-type yeast harvested in the exponential phase of growth, such as to have respiratory activity com- parable to that of the mutant 9520b, the rate of aerobic alcohol formation from glucose was nearly 15 ,moles per min per g (wet weight) of yeast. The contribution of the pentose-phosphate pathway in glucose catabolism under these conditions in S. cerevisiae was, therefore, around 7% of the total glycolytic flux. The reduced flow through glycolysis in the mutant was also reflected in the difference between glucose and fructose in the initial kinetics of changes in cellular ADP, AMP, P,, and ATP levels (Fig. 4) .
In absence of sugars the ATP-ADP ratio of the mutant was very much lower compared to the wild type; the level of P, also was nearly four times as much.
The maximum rate of intracellular consumption of glucose-6-phosphate in the mutant, found by first incubating a cell suspension with glucose and then quickly removing the extracellular glucose by filtration and washing, was 3 umoles per g (wet weight) of cells per min. A substantial part of glucose-6-phosphate metabolized was therefore diverted to extraglycolytic products, perhaps polysaccharides. The synthesis of such compounds was expected to be stimulated by the accumulated glucose-6-phosphate (23) . However, we have not investigated this. The sustained accumulation of glucose-l-phosphate in Fig. 5 indicated that the rate of polysaccharide synthesis was slower than those of hexokinase and phosphoglucomutase. The yeast mutant differed from the Escherichia coli mutant (12) in one other feature; growth of the latter in absence of glucose yielded cells in which hydrolyzable glucose was very much reduced compared to cells grown on glucose. With the yeast mutant, however, cells grown on fructose plus small amounts of glucose had 112 and those grown on fructose alone had 87 qmoles of hydrolyzable glucose residue per g (wet weight). Whether the synthesis of glucose from fructose in the mutant was through a leaky phosphoglucoisomerase or through any other unknown reaction has not been determined.
The accumulation of glucose-6-phosphate during the metabolism of glucose in this mutant afforded an opportunity of studying the effect of glucose-6-phosphate on the rate of glucose utilization. The results in Fig. 5 on the kinetics of glucose-6-phosphate accumulation during glucose utilization showed that the rate of glucose utilization was independent of the rising concentration of glucose-6-phosphate in the range of 0 to 27 mm (,umoles per g (wet weight) of cells). The lack of kinetic correlation between the glucose-6-phosphate level and rate of glucose consumption suggested strongly that other determinants were responsible for the control of sugar utilization in yeast cells.
